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Abstract
Shock wave-boundary layer interactions (SWBLIs) have been studied ex-
tensively due to their practical importance in the design of high speed ve-
hicles. These interactions, especially the ones leading to shock induced
separation are typically unsteady in nature and can lead to large fluctuating
pressure and thermal loads on the structure. The resulting shock oscil-
lations are generally composed of high-frequency small-scale oscillations
and low-frequency large-scale oscillations, the source of the later being a
subject of intense recent debate. Motivated by these debates, we study in
the present work, the SWBLI at a compression ramp and on a forward-
facing step (FFS) at a Mach number of 2.5. In the case of compression
ramps, a few ramp angles are studied ranging from small (10 degree) ramp
angle to relatively large values of up to 28 degrees. The FFS configuration,
which consists of a 90 degree step of height h, may be thought of as an
extreme case of the compression ramp geometry, with the main geometri-
cal parameter here being (h/δ), where δ is the thickness of the oncoming
boundary layer. This configuration is less studied and has some inherent
advantages for experimentally studying SWBLI as the size of the separa-
tion bubble is large. In the present experimental study, we use high-speed
schlieren, unsteady wall pressure measurements, surface oil flow visualiza-
tion, and detailed particle image velocimetry (PIV) measurements in two
orthogonal planes to help understand the features of SWBLI in the com-
pression ramp geometry and the forward-facing step case.
The SWBLI at a compression ramp has been more widely studied, and
our measurements show the general features that have been seen in earlier
studies. The upstream boundary layer is found to separate close to the ramp
corner forming a separation bubble. The streamwise length of the separa-
tion bubble is found to increase with the ramp angle, with a consequent
shift of the shock foot further upstream. At very small ramp angles up to
10 degrees, there is no evidence of separation, while at large ramp angles
of 28 degrees, the separation bubble extends upstream to about 3.5δ (δ =
boundary layer thickness). In all cases, the separation bubble is however
very small in the wall normal direction, typically known to be about 0.1δ,
and hence is difficult to directly measure in experiments using PIV. Shock
foot measurements using PIV show that the shock has a spanwise ripple,
which seems directly related to the high- and low-speed streaks in the in-
coming boundary layer as recently shown by Ganapathisubramani et al.
(2007).
The forward-facing step configuration may be thought of as an extreme
case of the compression ramp geometry, with a ramp angle of 90 degrees.
This configuration has not been extensively studied, and is experimentally
convenient due to the large separation bubbles formed ahead of the step. In
the present work, extensive measurements of the mean and unsteady flow
around this configuration have been done, especially for the case of h/δ =
2, where h is the step height. Pressure measurements in this case, show
clear low-frequency motions of the shock at non-dimensional frequencies
of about f h/U∞ ≈ 0.02. In this case, PIV measurements show the pres-
ence of a large mean separation bubble extending to about 4h upstream
and about 1h vertically. Instantaneous PIV measurements have been done
in both cross-stream (streamwise and wall-normal plane) and in the span-
wise (streamwise-spanwise) plane. Instantaneous cross-stream PIV mea-
surements show significant variations of the shock location and angle, be-
sides large variations in the recirculation region (or separation bubble), this
being determined as the area having streamwise velocities less than zero.
From a large set of individual PIV instantaneous fields, we can estimate the
correlation of the measured shock location to both downstream effects like
the area of the recirculation region, and upstream effects like the presence
of high-/low-speed streaks in the oncoming boundary layer. We find that
the shock location measured from data outside the boundary layer is more
highly correlated to downstream effects as measured through the recircu-
lation area compared to upstream effects in the boundary layer. However,
we find that the shock foot within the boundary layer has ripples in the
spanwise direction which are well correlated to the presence of high-/low-
speed streaks in the incoming boundary layer. These spanwise ripples are
however found to be small (less than one h) compared to the highly three-
dimensional shape of the recirculation region with spanwise variation of
the order of 3 step heights.
In summary, the study shows that the separated region ahead of the step
is highly three-dimensional. The shock foot within the boundary layer
is found to have ripples that are well correlated to fluctuations in the in-
coming boundary layer. However, we find that the large-scale nearly two-
dimensional shock motions outside the boundary layer are not well cor-
related to the fluctuations in the boundary layer, but are instead well cor-
related with the spanwise-averaged separation bubble extent. Hence, the
present results suggest that for the forward-facing step configuration, it is
the downstream effect caused by the separation bubble that leads to the
observed low-frequency shock motions.
